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Soft-x-ray-induced ionization and fragmentation dynamics of Sc;N@ Cg, investigated
using an ion-ion-coincidence momentum-imaging technique
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The fragmentation dynamics of an endohedral fullerene, Sc;N@Csgy, after absorption of a soft-x-ray photon,

has been studied with an ion-ion-coincidence momentum-imaging technique. Molecular inner-shell ionization at
406.5 eV, targeting the Sc (2p) shell of the encapsulated Sc;N moiety and the C (1s) shell of the Cg, cage, leads
to the cage fragmentation through evaporation of C,, emission of small molecular carbon ions (C,™, n < 24), and
release of Sc and Sc-containing ions associated with the carbon cage opening or fragmentation. The predominant

charge states of Sc and Sc-containing ionic fragments are +1 despite an effective Sc valence of 2.4, indicating
that charge transfer or redistribution plays an important role in the fragmentation of the encaged Sc;N. Sequential
emission of two out of the three Sc atoms of the encaged moiety, via Coulomb explosion in the form of Sc™
or Sc-containing ions, is significant. We also find that the resonant excitation of the Sc (2p) shell electrons
significantly increased the yield of the parent Sc;N@Cy, and its fragment ions, partially attributed to the collision
of the energetic Auger electrons from the Sc site with the carbon cage.
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I. INTRODUCTION

Fullerenes and their derivatives, characterized by their
hollow geometric structures and nanometer-size outer diam-
eter, draw a great deal of interest due to their wide range
of applications and “supramolecular” physical and chemical
properties [1]. For example, trimetallic nitride template (TNT)
endohedral metallofullerenes (EMFs), which consist of a
trimetallic nitride moiety and a fullerene host, have attracted
broad interest in many fields, including organic chemistry,
materials chemistry, biomedical chemistry, biomedicine, and
molecular device design [2-5]. Particularly, EMFs may be
used as radiotherapy agents to treat tumors while significantly
reducing the x-ray dose for patients. Functional groups can be
attached to the endohedral fullerene shell to bind the molecules
to a specific site, delivering toxic high-Z metal atoms enclosed
inside [6,7]. Endohedral fullerenes have high stability, an
inherent advantage for resisting biologically induced cage
opening [8], thus protecting healthy tissues from the toxic
metals. Monochromatic x rays can then be used to resonantly
excite the high-Z atom, restricting the x-ray radiation damage
to the cells that need to be treated, while leaving surrounding
tissues largely unaffected.

To achieve a full understanding of the interaction of
EMFs with x rays, their fundamental dynamics and processes
must be explored, which is currently in its infancy. In this
work, we study Scz;N@Cgy with photon energies of 299 eV,
slightly above the ionization of the C K edge (~284¢eV),
and ~406eV, which is around the Sc L, (2p;/;) edge at
406.5 eV. We investigate the fragmentation dynamics at
discrete photon energies in this range, while investigating the
detailed processes underlying the ionization and fragmentation
of ScsN@Cg at around the Sc L, edge.
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To uncover the underlying fragmentation dynamics, a
detailed measurement of the absorption cross section in the
gas phase is needed. However, the only available measurement
is for a micron-size Sc;N@Cgg crystal [9]. We thus estimate,
based on Ref. [9], the cross section of Sc;N@Cgg on resonance
for exciting a Sc L, (2py,2) electron to the lowest unoccupied
orbitals (LUMOs) to be 73 Mb by adding the cross section for
Sc atoms (31 Mb) and that for the Cgy carbon cage (42 Mb)
[9]. Meanwhile, the off-resonance cross sections of the Sc L,
resonance at 395 and 410 eV are estimated to be 45 and 49 Mb,
respectively. At these two photon energies, the cross sections
for the Sc atoms are ~1 and 8 Mb, respectively, while the cross
sections for the Cg( carbon cage are 44 and 41 Mb, respectively.
N in the Sc3N moiety contributes a relatively small amount to
the total cross section [9]. Comparing the fragment yields for
x rays with different photon energies around the Sc L; (2py,2)
edge reveals the role that the Sc L, (2p)2) shell vacancy plays
in the ionization and fragmentation dynamics of Sc;N@Cgy.

The fragmentation of gas-phase Cg has been studied using
nanosecond lasers [10], femtosecond visible and near-infrared
lasers [11], synchrotron x-ray sources [12,13], free-electron
lasers [14], and in collisions with atoms and molecules [15,16],
ions [17-19], and electrons [20,21]. Fragmentation processes
which have been observed include the emission of neutral
C, (evaporation), the emission of charged C," (fission), and
Coulomb explosion where molecular and atomic carbon ions
are emitted. The fragmentation of endohedral fullerenes has
been observed in experiments with femtosecond near-infrared
lasers, nanosecond visible lasers, synchrotron x-ray sources,
and x-ray free-electron lasers [9,22-35]. However, the studies
regarding the fragmentation dynamics in endohedral fullerenes
have mainly focused on neutral carbon dimer emission induced
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by single x-ray photons or single-pulse lasers [29,30,32,34],
or the formation of new chemical bonds [23,24,33]. A few
experiments observed the emission of the encaged atoms or
molecules [22-24,29,33,35,36], but only the kinetic energy
release (KER) of the encaged N atom from N@Cg" and
N@C7" has been measured [27,28]. While for spectroscopy
experiments only simple ion spectra are recorded, coincidence
techniques, i.e., mapping the coincident emissions of electron-
electron, electron-ion, ion-ion, and many other possible
combinations, provide the additional information necessary
to identify physical and chemical processes [37-39].

In this work, three different fragmentation processes—
evaporation of C,, emission of small molecular carbon ions
(C.™, n < 24), and release of Sc and Sc-containing ions
associated with carbon cage opening or fragmentation of
ScisN@Cg after inner-shell vacancy created in the Sc L,
(2p12) shell or C K shell—have been identified. The co-
incidence between the kinetic energy (KE) of Sc* and other
fragments is used to determine the origin of the peaks observed
in the Sct kinetic energy distribution (KED). With the KE
coincidence of Sc ions, we found that fragmentation through
sequential emission of two Sc ions is significant. Finally, we
discuss the role of a Sc (2p) vacancy in the ionization and
fragmentation of the parent molecule.

II. EXPERIMENTAL TECHNIQUE

The experiment was carried out at the Advanced Light
Source (ALS) beamline 8.0.1 which delivers photons between
80 and 1250 eV, with a photon flux from 10'' up to
6 x 10" photons/s, depending on the photon energy and its
resolution [40]. The photon-energy calibration was done by
measuring the yield of Nt ions (from the N, background)
and matching it to a scan of N yield as a function of x-ray
photon energy from previous work [41]. The measurements
were performed using a double-velocity map imaging (VMI)
spectrometer and coincidence-capable detectors. The current
setup was upgraded from our previous experimental setup
[42,43] by replacing a simple flight tube on the electron side
with a VMI spectrometer for electrons and was identical to
the setup described in Ref. [44]. Although the electron side of
the spectrometer is capable of measuring the two-dimensional
momenta of the electrons in the detector plane, we only use
it as the trigger to start the data acquisition in the current
experiment. This spectrometer is optimized for multi-ion
coincidence using the ALS multibunch mode of operation.
The VMI spectrometer axis was aligned horizontally, which
is parallel to the polarization of the synchrotron soft x rays
and perpendicular to the molecular beam. A static electric
field applied across the interaction region served to extract
electrons and ions from the interaction region. The extracted
ions were guided through a set of electrodes and a 50-cm-long
drift tube, and were detected by a multihit-capable time- and
position-sensitive detector (RoentDek). The time of flight of
the ions was measured with respect to the arrival time of the
first detected electron, which typically arrived at the electron
detector after a flight time of about 5 ns. The detector hit
positions and the time of flight (TOF) of the ions were used to
reconstruct their three-dimensional (3D) momenta and KE.
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FIG. 1. Comparison between the measured Sc* ion yield from
gas-phase Sc;N@Cg (red data points; squares and triangles depict
two different data sets) and the absorption cross section of solid-phase
Sc;N@Cy [9] (blue solid line) as functions of x-ray photon energy.

The Sc;N@Cgy sample was obtained from SES Research
and has a purity of 97%. Per the manufacturer, the primary
impurity consists of C7, along with some possible C7¢ and C7s.
A gas-phase sample was obtained by evaporating Sc;N@Cyg
powder in an oven, heated to about 910 K. The evaporated
molecules were introduced vertically into the interaction
region through a nozzle and a 1-mm aperture. The pressure
in the interaction chamber was ~6 x 10~° Torr when the oven
was set at the working temperature.

III. RESULTS AND DISCUSSION
A. Time-of-flight mass spectra

The photon energy for resonant excitation of the L (2py,2)
subshell electron of Sc to the lowest unoccupied molecular
orbitals (LUMOs) of the endohedral fullerene is 406.5 eV,
measured by scanning the Sc* ion yield. Figure 1 shows
the yield of Sc* ions as a function of the incident x-ray
photon energy in the range of the Sc (2p) absorption edge.
We observe a strong resonance at 406.5 eV, which is assigned
to the resonant excitation of an electron from the Sc L,
(2p1/2) subshell to the LUMO of the endohedral fullerene.
The observed resonance energy is 0.8 eV blueshifted as
compared to previous measurement of the absorption cross
section of solid-phase ScsN@Cg [9]. As for the Sc L3 (2p3/2)
resonance peak, we were not able to extract it because it
overlaps with the resonant excitation energy of the K-shell
electron to the excited 7™ states of N from our background
gas.

The spectra shown in Fig. 2 are taken at the 406.5 eV
resonance. Since this photon energy is also above the C K edge,
the probability of photoionization from the C (1s) electron is
not negligible. Figure 2(a) shows the overall mass-to-charge
(m/q) spectrum, in which the detector efficiency is not taken
into account. Atsmall m /g, i.e., less than 35 amu, the spectrum
is dominated by H*, C*, N*, O™, and other ions (not shown
here). We note that the C,* yield is much smaller than H™,
C*, N*, O, and neutral fragments cannot be detected. Sc-
containing molecular ion fragments, ScC, ", SCCN™, ScCst,
and ScC4™, are observed, as well as atomic Sc™ ions. The
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FIG. 2. Mass-to-charge (m/q) spectra, derived from the time-of-flight spectrum, of Sc;N@Cg, acquired at a photon energy of 406.5 eV,
i.e., the resonant excitation energy for excitation of Sc L, (2p;/,) inner-shell electrons to the LUMO of the endohedral fullerene. (a) Overall
m/q spectrum. The spectrum for m /g > 100 has been multiplied by 2. (b) Zoomed-in spectrum displaying molecular carbon and Sc-containing
ions. In this panel, 0 < n < 4 for Sc;N@Cgy_,,**. (c) Zoomed-in spectrum displaying peaks between the doubly and quadruply charged parent

ions. In this panel, 0 < n < 4 for Sc;N@Cg_,,%" and Sc;N@Cyy_,, >,

and 33 < n < 40 for Cy,**. (d) Zoomed-in spectrum displaying peaks

between singly and doubly charged parent ions. In this panel, 28 < n < 40 for C,,™. The ion spectra in (b—d) are multiplied by 1000.

right side of Fig. 2(a) mainly consists of multiply charged
parent molecules, up to the sextuply charged state, and the
singly charged parent molecule is barely visible due to the
low-absorption cross section of outer-shell electrons of C and
Sc, while the absorption by C (1s) and Sc L (2p,,) electrons
creates an inner-shell vacancy, and leads to multiple charges
on the parent molecule through cascade Auger processes. To
identify low-yield ions, we zoomed in to the region between
Sc* and Sc;N@Cgy** shown in Fig. 2(b). In addition to those
Sc carbides that contain only one Sc atom (ScC;*t, ScCs™,
ScCg™, and ScCg™), ions that contain two Sc atoms (Sc,Cs™
and Sc,Cg™) are observed. In Figs. 2(b) and 2(c), fullerene
ions that have lost one or multiple C dimers from parent
molecules, such as SC3N@C784+, are found in doubly, triply,
and quadruply charged states. Meanwhile, multiple peaks are
also observed around the mass of pure molecular carbon
Cy, (28 < n < 40), likely ionic fullerene fragments with
cagelike structures [45], in singly and doubly charged states in
Figs. 2(c) and 2(d). However, due to the isotopes of carbon and
nitrogen, along with the peak broadening owing to recoil, we
unfortunately were not able to distinguish fullerene ions, such
as Cy,_ N, Sc@C,,_4, and ScNC,,_5, where 28 < n < 40.
In addition to fragments of Sc;N@Cygj, we observed a set of
unknown fullerenes in doubly, triply, and quadruply charged
states, with mass ~1222, marked as UF in Figs. 2(c) and
2(d). These peaks most likely originate from a small amount

of this unknown fullerene contaminant when the sample was
produced.

We can already identify a couple of fragmentation processes
that also happen in the fragmentation of Cgp, using the m/gq
spectra (see Fig. 2). The first process is the evaporation of
one or multiple neutral C,, a typical fragmentation process
observed in Cg [11,46,47] and endohedral fullerenes [22-25]
using IR lasers [24,46,47], and x rays from free-electron
lasers [14,25]. The second process is fragmentation into many
bodies, which creates small molecular carbon ions due to high
excitation energy [25,48].

B. Ion-ion-coincidence results

Different from empty Cg or fullerene cage fragmentation
in this work is the escape mechanism for the encapsulated
Sc3N moiety, which is unstable without the fullerene cage to
stabilize it. As seen in Fig. 2, Sc* and Sc-containing ions
are abundant fragments. While the generation of free metal
ions as well as metal-containing molecular fragments from
endohedral fullerenes has been experimentally observed using
TOF spectroscopy [22-25,36], the underlying dynamics can
be better understood with the additional information that is
available from our ion-ion-coincidence experiment. Thus, in
Fig. 3, we plot the KED of the Sc* fragments as a function
of the m/q of the second fragment that was detected in
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FIG. 3. Coincidence map of the Sc* KE and the mass-to-charge ratio of the ion detected in coincidence with Sc* at a photon energy of
406.5 eV (on resonance). Projections of the two-dimensional map are plotted in the bottom and left panels, representing the ion fragments
coinciding with the Sc* ions and the KED of the Sc* ions, respectively. (a) m/q < 175; (b)m/q > 175; 15 < n < 24 for C,*,30 < n < 40
for Cy, 2, 38 < n < 40 for Cp,,>*, and 25 < n < 40 for C,p, 73 0 < m < 7 for Sc;NCgo_,, >t and S¢,NCgo_,, T, 0 < m < 6 for Sc,Cso_n > and
SC2C80,m+.

coincidence with Sc*t. In Fig. 3(b), the four peaks of the Sc™  we mark the coincidence islands as (I-IV, 0-3), in which
KED are labeled from I to IV. On the coincidence map, a  the first number denotes the Sc* KED peak and the second
few islands appear, and indicate a coincidence between a Sc™  number denotes the charge state of the detected ionic fullerene
(peaks II-1V) and a charged ionic fullerene fragment. Here, fragment. We attribute the “quantized” behavior of the peaks

033408-4



SOFT-X-RAY-INDUCED IONIZATION AND ...

II-IV ions to the initial Coulomb repulsion between Sc* ions
and corresponding residual ions with different charge states,
which can then undergo further fragmentation.

Investigating the coincidence islands in Fig. 2, we find that
the coincidence island (II, 4+1) corresponds to a Coulomb
explosion that releases a peak I Sc* ion and a singly charged
fullerene ion. Similarly, coincidence islands (III, +2) and
(III, 4+1) correspond to Coulomb explosion fragmentation
that releases peak III Sct ions and is associated with the
generation of doubly charged and singly charged fullerene
ions correlated with Sc* ions, respectively. Since the peak III
Sct ion originates from intermediate or parent endohedral
fullerenes with three charges, the coincidence island (III,
+2) is consistent with the scenario that a triply charged
parent or intermediate endohedral fullerene emits a Sc™ ion,
leaving a doubly charged fullerene. Then further relaxation by
sequentially emitting a second Sc™ ion leads to the coincidence
island (III, +1). As for the peak IV Sc*, two coincidence
islands (IV, 4+3) and (IV, +2) were observed, but island (IV,
+1) is absent. It is known that the parent fullerene is stabilized
by the donation of multiple electrons from the encaged Sc;N
moiety to the cage [5]. In a neutral parent molecule, six
electrons are donated from the encaged Sc3;N moiety to the
cage to stabilize the molecule.

The Sc atoms have an effective charge of +2.4 in the
neutral parent molecule [49]. After the creation of an inner-
shell vacancy from the C or Sc atoms, cascade Auger
electron processes lead to multiple-charge states of the parent
molecules. Charge rearrangement leads to even higher charge
states on those Sc atoms and may increase the Coulomb energy
on the highly charged ScsN moiety. Emission of two Sct or
Sc-containing ions will significantly lower the tension inside
the cage, while the only Sc left inside the cage may remain
safely enclosed; thus this may explain why the coincidence
island (IV, +1) is weak. The existence of the coincidence
island (IV, +2) and (III, +1) indicates that emission of two
encaged Sc atoms is possible.

Furthermore, several ionic fragments that would have been
concealed using TOF spectroscopy alone due to overlapping
with ions at similar m/q are identifiable in Fig. 3. In the
projection of the mass spectrum, plotted in the bottom panel
of Fig. 3(b), molecular carbon fragments up to Cy* are
distinguishable, while the biggest molecular carbon fragment
identified was only C5p" in Fig. 2(c). A series of fragments
coinciding with peak IIT in the Sc* KED spectrum, namely,
ScoNCso_m> (0 < m < 7) or/and Sc,Cso_m>t (0 < m < 6),
also emerge from the background.

To further examine the origin of the peaks in the KED
of the Sc* ions, we plot the KEDs of Sc* ions coinciding
with (a—c) ionic fullerene fragments at different charge states,
(d) molecular carbon ions, (e) Sc*, ScC,*, and ScCN™ ions,
(f) ions with m/q < 40amu, and (g) all ions, as well as
KED of (h) all Sct ions in Fig. 4. Especially for the Sc*t
coinciding with high-m /g fragments, it is apparent that the
different peaks of the KEDs of Sc* ions originate from parent
or intermediate endohedral fullerenes with different charge
states. For instance, peaks Il and I1I of the KED of Sc™ coincide
with singly charged ionic fullerene fragments, while peaks I1I
and IV coincide with doubly charged ionic fullerene fragments.
For Sct ions coinciding with 300 < m/q < 345, we also
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FIG. 4. KED of Sc*t ions coinciding with (a) singly charged
fullerene fragments at m /g > 560 amu; (b) doubly charged fullerene
fragments at 200 amu < m/q < 540 amu; (c) triply charged fullerene
fragments at 300 amu < m/q < 345 amu; (d) molecular carbon ions
at 75amu < m/q < 300amu; (e) mainly Sc*, ScC,*, and ScCN*
ions at 40amu < m/q < 75amu; (f) m/q < 40amu (g) all ions.
(a—g) are normalized with the maximum in (e). (h) Normalized KED
of all Sc* ions.

notice the emergence of another peak at higher energy, labeled
V, which we attribute to the Coulomb repulsion between a
Sc™ ion and a quadruply charged ionic fullerene residual ion.
The four peaks in Fig. 4 are centered at 1.4, 2.9, 4.4, and
6.0 eV. These almost equally spaced peaks are consistent with
the conclusion that they originate from an initial Coulomb
repulsion process, where the fullerene cage opens such that a
Sct isreleased, as summarized in Table I. Interestingly, a KE of
1.4 eV corresponds to ~50% of the Coulomb energy when two
charges are put at a distance of 0.5 nm, which is approximately
the sum of the radii of the Cgg cage (0.415 nm) and Sc?* ion
(0.11 nm) as defined in [50]. Consideration of the carbon cage
as a conducting sphere can lower the expected KE of Sc™
ions, but it cannot account for this 50% difference [51,52].
Similar energy loss was also observed in the fragmentation of
multiply charged fullerene dimers into two charged monomers
[51,53,54], where about half of the Coulomb energy was
converted to internal energy of the fullerene monomers.

The KED of Sc™ ions that coincide with small molecular
carbon ions C,* (8 < m < 24) are shown as (d) in Fig. 4,
consisting of mostly a base and small contributions from
peak I to V. To create small molecular carbon ions other
than neutral C, dimer from the fragmentation of isolated
(gas-phase) Cgp and Cgo ™, Campbell et al. established that an
average internal energy of 100 eV is needed with a simple
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TABLE 1. Summary of the mechanisms producing selected Sc* ions with a photon energy of 406.5 eV. The originating charge refers to the
charged on the parent or intermediate endohedral fullerene before the emission of a Sc*, while the residual charge refers to the charge on the

intermediate or final fullerene fragment after the emission of a Sc*.

Originating Residual Energy Proportion

Peak charge charge Mechanism V) (%)

I +1 0 Cage opening, 0.36 7.9
escaping

II +2 +1 Cage opening, 14 11.5
Coulomb repulsion

I +3 +2 Cage opening, 2.9 14.7
Coulomb repulsion

v +4 +3 Cage opening, 4.5 8.8
Coulomb repulsion

v +5 +4 Cage opening, 6.0 0.5
Coulomb repulsion

VI Unknown Cage multiple fragmentation, 3.0 56.7

Coulomb explosion

statistical theory [55]. Thus we assume that high internal
energy is also required to create small molecular carbon
ions from Sc;N@Cyg, although it is complicated since the
interaction between the internal Sc;N moiety and the cage
should also be considered. To dispose of the high internal
energy, multiple fragmentation occurs [56]. According to
previous theoretical and experimental studies, most molecular
carbon ions containing less than 30 carbon ions are chain
and ring structured [57-61]. Therefore, the base may originate
from the following scenario: (1) The high internal energy leads
to multiple fragmentation into small molecular carbon ions,
and Sc is attached to one of the fragments; (2) the Sc-containing
intermediate ion goes through further fragmentation, and
releases a Sc* ion and molecular carbon ions.

We assume the close-to-zero peak I comes from a fragmen-
tation process that releases a Sc* ion and a neutral fullerene.
Peak I thus corresponds to an escaping mechanism which,
without Coulomb repulsion, gives rise to a nearly zero KE.
Similar phenomena have been observed in the “escape” of
a neutral N atom from N@Cgy™ and N@C7y™ [27,28], due
to thermal instability. We note that for peak I in Fig. 4(g),
the KED of Sc* ions coinciding with other ions are mostly
contributed by Sc* ions coinciding with a second Sc* ion or
Sc-containing ions, which is discussed later (see discussion
on Fig. 6). The Sc* at peak I is rarely coincident with ionic
fullerene fragments, while on the contrary, Sc* at peaks II-IV
tend to appear with multiply charged fullerene fragments.

In order for the Sc* to be released from the carbon cage,
the cage can either gently open or undergo a more violent
Coulomb explosion. According to Ref. [62], the encapsulation
binding energy (EBE) of Sc;N@Cg can be evaluated with the
following equation,

Egpe = AEpg + AEsT + AEoRs, (D

where the first term, A Epg, is the deformation energy needed
to convert the Scs;N moiety and Cgy from their equilibrium
geometries to the overall molecule, Sc;N@Cgy. The second
term, A Egr, represents the repulsion between the Sc;N°* and
Cga , and the last term, A Eorg, is the orbital interaction term
due to the energy lowering upon electron donation from the

ScsN moiety to the cage. Given that the calculated AEpg,
AEst, and AEpgg are 1.37, 20.7, and —33.04eV [62], the
EBE for Sc;N@Cg is —11.60eV, where the negative sign
means that energy must be put into the system to remove the
Sc3N moiety from the cage. The EBE is approximately 2 eV
higher than the activation energy of C; loss on ionic Sc;N@Cyg
[63], and does not include the energy needed for deforming
the carbon cage to release the Sc;N moiety. Therefore, the
carbon bond cleavage without fragmentation, or simply “cage
opening,” is favored in the early stages of the release of Sct.
During the cage opening, the Scs;N moiety is also likely to
be disturbed due to the delicate electronic balance between
the encaged SczN moiety and the cage. Part of the Scs;N
moiety may breach the cage through the broken bonds that
have not regained their equilibrium. During the breach, charge
is transferred or redistributed from the Sc ions to the rest of the
fullerene, leading to predominantly +1 as the observed charge
state of Sc and Sc-containing ions [25], despite the effective
Sc valence of 2.4 in neutral Sc;N@Cg, [49].

To further understand the dynamics that led to the produc-
tion of Sc™ ion, we examine its KED shown as the black dot
line in Fig. 5(a). The red solid line is the sum of base fits
corresponding to different assumed mechanisms. The fitting
results are also summarized in Table 1. To fit the KED, the tail
is determined by the “model-free” method by Klots [64], as
has been used intensively in other work [27,30,51,65-68],

P(e) = aelexp(—lg), )

where a is a normalization factor, € is the position of the
maximum of the distribution (i.e., the most probable KE value),
and / is a parameter related to the interaction potential between
the fragments (0 </ < 1). The tail fit is shown as the blue
dash-dot-dot line in Fig. 5(a), labeled as V1. For the best fitting,
[ is found to be close to 1, which means that the KED is a
“four-dimensional distribution that corresponds to a reaction
with a large centrifugal barrier” [68]. The parameter / was
found to be ~% in measurements of the kinetic energy release
distributions (KERDs), which characterizes the total KE of
all fragments, for the emission of (1) a neutral carbon dimer
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FIG. 5. KEDs of Sc* and Sc-containing ions for a photon energy
of 406.5 eV. (a) KED of Sc* ionic fragments. The black dot and
red solid lines are the experimental results and the sum of the KE
spectrum fits, respectively. The fitted spectrum consists of compo-
nents corresponding to ions generated by different mechanisms, as
described in the text, shown in blue dash-dot-dot, pink dash-dot, and
dashed green lines, respectively. (b) KEDs of Sc*, ScC,*, ScCN™,
and ScCy4™ ions.

C2 from C60+, C70+, Tiz @Cgo+, and SC3N@C80+ [69], (2)
C,™ from multiply charged Cgy or Cy9 [52]; and (3) N from
N@Cgt and N@Cyo ™ [27,28]. Multiple fragmentation of the
parent molecule can lead to broadened KED peaks, and may
explain peak VI [similar to our interpretation of Fig. 4(d)].

The peak close to zero KE is also fitted with the model-free
method, and is labeled as I. The parameter [ for this peak was
found to be close to 1 as well. As we discussed before, this
peak originates from an escape mechanism that releases a Sc*
ion from a singly charged parent or intermediate endohedral
fullerene. The next four almost equally spaced peaks are
fit with Gaussian functions. Since the whole fragmentation
process is complex, this fitting procedure is somewhat of an
oversimplification, and the fitting is rather qualitative. We do
observe some discrepancy from the fitting to the experimental
result, mainly caused by the selection of symmetric Gaussian
distributions for fitting peaks II-V.

Interestingly, sometimes an escaping Sc atom will bring
part of the fullerene cage with it. We examine the KEDs of
three Sc-containing fragments, ScC,*, ScCN™, and ScCyt, in
Fig. 5(b). To reconstruct the KEDs of the ScC,™ and ScCCN™
ions, we selected the cleanly measured half of the distribution
and multiplied the yield by 2 to compensate for the excluded
ions. The final KEDs of ScC, T, ScCN™, and ScC4™ ions were
then scaled by a factor of 2, 2, and 4, respectively, for better
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visibility. The KEDs of these three fragments represent similar
features compared to the contributions of Sc* from escaping,
and Coulomb explosion mechanisms.

To understand the relation between the fragmentation
mechanisms, we extract the KE coincidence between Sct and
Sct ions and between Sct and ScCNT ions, as shown in
Fig. 6. The coincidences between the KE of two Sc* ions

[e]

(¢}
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w S

N

-
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FIG. 6. (a) Coincidence map of the KE of two coinciding Sc*
ions with a photon energy of 406.5 eV (on resonance). Projections
of the two-dimensional map are plotted at the bottom and left panels,
representing the KED of coinciding Sc™ ions. Here the labels, such as
(TI1, I0), represent coincidence of two Sc* ions by Coulomb repulsion
and cage opening fragmentation mechanism III and II individually.
(b) Same as (a), but of coinciding Sc™ and ScCN™ ions; here the
first and second Roman numerals indicate the origin of Sc* and
ScCN™ ions, respectively. Projections of the two-dimensional map
are plotted in the bottom and left panels, representing the KED of
coinciding ScCN* and Sc* ions.
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FIG. 7. Total KE of all three coinciding Sc* or Sc-containing ions
following interaction with 406.5-eV photons (on resonance). Three
arrows (a)—(c) mark the center of the three peaks for three coinciding
Sc* ions.

are shown in Fig. 6(a). Roman numerals (I-IV) represent
the fragmentation mechanisms (see details in Table I) for
the Sct fragments. A few prominent coincidence islands can
be seen in Fig. 6(a). These islands can be classified in two
sets. One set of islands is made up of those with two Roman
numerals that differ by 1, such as (II, 1), (I, II), (11, II), (11,
1), (Iv, III), (III, IV). For example, the coincidence island
(I1, I) represents a correlation of one Sc™ from mechanism 11
and the other Sc* originates from mechanism 1. As can be
seen in Table I, during the fragmentation processes, the parent
molecules experience at least two charge states, +2 and +1,
which emit Sc* ions sequentially, to appear on this island.
Therefore, the sequential emission of Sc™ ions is a significant
channel for the emission of more than one Sc* fragment. The
other set of islands is made up of those with two Roman
numerals that differ by 2, such as (IV, 1), (II, IV), (III, D),
and (I, IIT). To appear on these islands, the parent molecule
must experience three charge states. Similar correlation maps
are also found in the coincidence KE of (Sc*, ScCN™) and
(Sc*, ScC, ™) (not shown here). In comparison with the KE
coincidence between Sc* and Sc™ ions, the (III, I) and (11, I)
channels for coincidence between Sc™ and ScCN™ ions are
weak, which indicates that there is a preference in emission
order, since channels (I, II) and (I, II) are still prominent.
It is worth mentioning that peak I contributes significantly
(7.9%) to the total Sct yield (see Table I), which is likely
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due to the emission of Sc™ from a singly charged intermediate
endohedral fullerene (i.e., an ionic fragment may have already
been lost prior to the release of the Sct).

Despite the experimental challenge to measure three ions
in coincidence, we also observed triple coincidence channels,
where all Sc atoms are accounted for, and the sum of their KEs
is shown in Fig. 7. Interestingly, the strongest channel is for
coincidence among 2-Sc* and 1-ScCN™. In general, the total
KE plot exhibits three peaks. Again, we interpret the peaks as
sequential emission of the Sc*t ions from a triply [peak (a)],
quadruply [peak (b)], and quintuply [peak (c)] charged parent
or intermediate molecule. For instance, peak (b) originates
from the 44 parent or intermediate molecule charge state.
Emission of three Sct ions may follow three sequential
Coulomb explosions (IV, III, and II), which are the first,
second, and third fragmentation processes releasing a Sc™
ion. The average KEs for Sc*t ions from the corresponding
Coulomb repulsions are 4.5, 2.9, and 1.4 eV, per Table I. The
sum of these three KEs is 8.8 eV, close to the position of peak
(b) at 9.2 eV. We found that the positions of the three peaks (a,
b, ¢) are very close to the experimental result, as summarized
in Table II.

C. Photon-energy dependence of the fragmentation process

To clarify the role of a vacancy on the Sc L, shell in the
ionization and fragmentation of the fullerene, we compare, in
Fig. 8, the yields of Sc* and Sc-containing ionic fragments
(ScCyt, ScCNT, and ScCs™t), ScsN@Cgo_nn>t (n =1, 2),
ScsN@Cgo 2>t (n = 1,2, 3), Co,t (35 < 1 < 40), and the
parent molecular ion yield, up to a quintuply charged state ac-
quired at four different photon energies. The lowest photon en-
ergy of 299.3 eV is just above the C K edge and thus ionization
of the C atoms forming the cage dominates. The other photon
energies are below the Sc L edge (394.3 eV), on the Sc L,
resonance (406.5 eV), and above the Sc resonance (409.1 eV).

The yield of the singly charged parent molecule,
ScsN@Cg ™, is strongest for the 299.3-eV photon energy.
This is likely due to the recapture of a slow photoelectron
from a C (1s) orbital on the cage, similar to the observation
made in Cgp x-ray photon absorption [12,70]. For the other
charge states (n = 2, 3, 4, 5) of the parent molecule shown in
Fig. 8(b), the yields are all maximum at the Sc L, resonance
at 406.5 eV, as expected.

It was suggested by Ref. [49] that the emission of a neutral
carbon dimer requires more than 40-eV internal energy from
Ceo. Thus fragmentation processes that emit neutral carbon
dimers depend not only on the charge states, but also on some
excess internal energy. The yield ratios (R) of ScsN@Cgy*" to

TABLE II. We list the three peak positions of the total energy of three coinciding Sc* ions shown in Fig. 7 (with photon at 406.5 eV on
resonance). The nth (n = 1—3) in the table refers to the nth fragmentation process that emits a Sc* ion. The KE of each fragmentation process

is taken from Table 1.

Peak energy Parent charge First process, Second process, Third process, Sum KE of Sc™ in three Offset
Peak V) state KE (eV) KE (eV) KE (eV) processes (eV) (V)
(a) 53 +3 11, 2.9 I, 1.4 1,0.36 4.7 0.6
(b) 9.2 +4 v, 4.5 111, 2.9 I, 1.4 8.8 0.4
(c) 13.4 +5 V, 6.0 v, 4.5 111, 2.9 13.4 0
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FIG. 8. Comparison of selected ion yields acquired at photon
energies of 299.3, 394.3, 406.5 eV (on resonance), and 409.1 eV.
Panel (a) shows the Sc and Sc-containing fragment ions while panel
(b) shows the parent molecular ions up to quintuply charged, and
Cot (35 < n < 40), S;sN@Cyo_0,”" (n =1, 2), Sc;N@Cgp_n,>*
n=1,2,3).

ScsN@Cgo_n,>" at photon energy 299.3 eV (R = 12.2 4 1.0)
and 394.3 eV (R = 10.9 &+ 1.6) are much higher than that
at 406.5 eV (R = 4.2 £0.4) and 409.1 eV (R = 6.5 +0.4).
From the observed ion yield ratio between ScsN@Cgy_o, 2t
and ScsN@Cg”", the order of the internal energies inside
Sc3sN@Cgy>+ with respect to the x-ray photon energies is (on
the Sc L, resonance, 406.5 eV) > (above the Sc L, edge,
409.1eV) > (below the Sc 2p edge, 399.3eV) ~ (just above the
C K edge, 299.3 eV). We observe a similar trend with the ratio
of Sc;N@Cg_»,>* yield to that of Sc;N@Cgy**. The yields
of Sc* and Sc-containing ion fragments (ScC,*, SCCN™T, and
ScC4™) with photon energies of 299.3, 394.3 €V are similar,
as shown in Fig. 8(b). The yield at the photon energy above
the Sc L, edge is double that at a photon energy of 394.3 eV,
while it quadrupled for the Sc L, resonant photon energy. The
dominant parent molecular ions were found in the 42, 43, and
+4 charge states. These charge states are also the dominant
charge states that emit Sct and Sc-containing ion fragments.
However, the yield ratios of the multiply charged parent
molecules between the photon energy of 406.5 and 399.3 eV
are all around 3, lower than the observed yield ratio of 4 for Sc™
and Sc-containing ion fragments. As we mentioned before,
the release of Sc* requires energy to cleave carbon bonds;
thus higher internal energy benefits the yield of Sc* ions. If a
vacancy is created on the Sc (2p) shell, L M M Auger processes
may emit energetic electrons around 300 eV, and even higher
if the valence states are involved [71]. It was reported that
the collision of a 200-eV electron on ErsN@Cg, can result in
quadruply charged parent molecules and lead to fragmentation
by the emission of neutral carbon dimers, or Er™ [18]. Since
the Auger electrons emitted from the Sc sites are inside the
cage, the chance of collision between the Auger electron and
the carbon cage is high, leading to higher average internal
energy than that if a C (2s) vacancy is generated on the carbon
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cage. Therefore, vacancy generated on a Sc (2p) shell leads
to a higher yield of Sc* and Sc-containing ions. Furthermore,
it is known that evaporation of neutral C, and generation of
small molecular carbon ions also relies on the internal energy
to enable cleavage of multiple carbon bonds. Therefore, the
yields of a neutral carbon dimer, Sc or Sc-containing ions,
and ionic carbon molecules from Sc;N@Cg, subsequent to
vacancy generated at the inner shell all depend on the internal
energy accumulated during the relaxation processes.

Based on previous knowledge of Cgy relaxation [72,73]
studied with femtosecond lasers, electron-electron coupling
and electron-photon coupling play important roles in redis-
tributing the absorbed energy from the strong femtosecond
laser field. Thus our data support the following internal energy
accumulation scenario: Upon absorption of an x-ray photon by
either the carbon K shell or the Sc L shell, relaxation through
the electrons takes place immediately. First, in general, the
extra energy is likely to be relaxed through Auger decay, and
cascade Auger processes lead to a multiply charged parent
molecule. Second, electron-electron coupling, with a typical
time scale of around 50 fs [72], redistributes the charges and re-
laxes the energy into the electronic system of both the encaged
ScsN moiety and the carbon cage. Third, electron phonon
coupling, occurring on a time scale of around a few hundredths
of a femtosecond [74], ensues and redistributes the energy
between the electronic system and the nuclear backbone. Since
there are hundreds of electrons on the carbon cage, electron-
electron and electron-phonon coupling may be very efficient
for thermalizing the parent molecule. Hence the fragmentation
occurs due to the further relaxation of the thermalized molecule
as well as the Coulomb energy [75] introduced by multiple
charges resulting from cascade Auger processes.

IV. CONCLUSION

We investigated the inner-shell ionization and the subse-
quent fragmentation of ScsN@Cg, with a multicoincidence
technique which permitted a detailed view of the fragmentation
mechanisms. Three different fragmentation processes, (1)
evaporation of C,, (2) emission of small molecular carbon
ions (C,*, n < 24), and (3) release of Sc and Sc-containing
ions associated with carbon cage opening or fragmentation, are
the most significant processes following core-shell ionization
of Sc L, and C (1s). With the ion-ion-coincidence technique,
we found that the sequential release of two ions, Sc* or Sc-
containing ions, is significant, while the sequential emission
of all three encaged Sc is less likely, but also possible. The
excitation of a Sc L, electron on resonance increases the yield
of the charged parent molecule and the ionic fragments from
ScisN@Cgg. The energetic electron (generated from the Sc site
from inside the cage) colliding with the cage may account
for the yield increase. We deduce that the internal energy of
ScsN@Cgp, which may be deposited during the relaxation
process by electron-electron and electron-phonon coupling,
plays an important role in all the fragmentation mechanisms.
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